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Host-defense mechanisms against transposable
elements are critical to protect the genome informa-
tion. Here we show that tudor-domain containing 9
(Tdrd9) is essential for silencing Line-1 retrotranspo-
son in the mouse male germline. Tdrd9 encodes an
ATPase/DExH-type helicase, and itsmutation causes
male sterility showing meiotic failure. In Tdrd9
mutants, Line-1 was highly activated and piwi-inter-
acting small RNAs (piRNAs) corresponding to Line-1
were increased, suggesting that feedforward ampli-
fication operates in the mutant. In fetal testes, Tdrd9
mutation causes Line-1 desilencing and an aberrant
piRNA profile in prospermatogonia, followed by
cognate DNA demethylation. TDRD9 complexes
withMIWI2withdistinct compartmentalization inpro-
cessingbodies, and this TDRD9-MIWI2 localization is
regulated by MILI and TDRD1 residing at intermito-
chondrial cement. Our results identify TDRD9 as a
functional partner of MIWI2 and indicate that the
tudor-piwi association is a conserved feature, while
two separate axes, TDRD9-MIWI2 and TDRD1-MILI,
cooperate nonredundantly in the piwi-small RNA
pathway in the mouse male germline.
INTRODUCTION
The germline is the cell lineage that transmits genetic information
to the next generation. The differentiation process includes theDevelopmeestablishment of epigenetic requirements, the developmental
competence to carry out full ontogenesis, and meiotic recombi-
nation to give rise to genetic diversity. The genome integrity of
the germline is of fundamental importance for maintaining indi-
viduals and species, and a predominant biological factor that
causes genome mutations is transposable elements (Slotkin
and Martienssen, 2007). Transposable elements and their fossil
sequences occupy 46% and 39% of the genomes of humans
and mice, respectively (Lander et al., 2001; Mouse Genome
Sequencing Consortium, 2002). While such transposons and
repetitive sequences have driven genome expansion and evolu-
tion of higher eukaryotes, and contribute to epigenetic regulation
and chromatin architecture, their ongoing activities are a severe
threat to the genetic information of organisms. Line-1, the most
abundant class of autonomous retrotransposon, has more than
500,000 copies in the haploid genome of mammals, and
although most of them are truncated and nonfunctional, about
100 and 3000 are active in humans andmice, respectively (Kaza-
zian, 2004). Line-1 insertions are estimated to account for about
0.1% of human mutations, and one in every 50 individuals has
a new integration (Kazazian, 2004).
To control such mutagenic mobile elements, host genomes
have evolved molecular defense systems. In mammals, one
key pathway is genome DNA methylation. Mutations in Dnmt1,
a DNA methyl transferase, lead to retrotransposon deregulation
and embryonic lethality (Li et al., 1992; Walsh et al., 1998),
whereas Dnmt3L plays a specific role in suppressing retrotrans-
posons in the germline (Bourc’his and Bestor, 2004). Another
critical and adaptive mechanism is RNA interference (RNAi)
and its related systems, which utilize small noncoding RNAs
that guide the effector complex, including argonaute proteins,
to degrade and/or suppress target mRNAs. Germ cells arental Cell 17, 775–787, December 15, 2009 ª2009 Elsevier Inc. 775
Figure 1. TDRD9, a DExH-Box Helicase with a Tudor Domain, Is Expressed in Germ Cells
(A) Domain architecture of mouse TDRD9. Consensus motifs of the DExH box are shown below.
(B) Multiple alignment of TDRD9 sequences of selected species around the DExH motif.
(C) Northern blot of mouse tissues for Tdrd9. 28S rRNAs are shown as a control.
(D) RT-PCR of mouse tissues for Tdrd9.
(E) Western blots of NIH/3T3 cells transfected with Tdrd9 expression vector pCAG-Tdrd9 (left) and of adult tissues (right) probed with anti-mouse TDRD9 anti-
body. b-actin was used as a loading control.
(F and G) Sections of adult testis immunostained for TDRD9 (green) and counterstained with a Hoechst dye (blue). (G) This panel is a higher magnification view of
a seminiferous tubule. TDRD9 is detected in spermatogonia ([G], arrowheads), spermatocytes ([G], arrows), and spermatids.
(H and I) Double immunostaining of spermatids (H) and spermatocytes (I) for TDRD9 ([H and I], red) and MVH, a marker of chromatoid bodies ([H], green, arrow-
heads), or DDX6, a component of processing bodies ([I], green, arrowheads), after an antigen retrieval procedure.
(J and K) Sections of adult ovary immunostained for TDRD9 as in (F) and (G). TDRD9 is detected in growing oocytes ([J], arrows). (K) This panel is a higher magni-
fication view. Scale bars: (F and G), 50 mm; (H and I), 10 mm; (J and K), 20 mm.
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TDRD9 Regulates Retroposon in the Piwi Pathwayequipped with specific members of the argonaute subfamily, the
piwi proteins, which interact with piwi-interacting small RNAs
(piRNAs) (Aravin et al., 2006; Girard et al., 2006; Grivna et al.,
2006; Watanabe et al., 2006). Previous studies have shown
that MILI and MIWI2, two mouse piwi proteins, are central to
the feed-forward or ping-pong processing of piRNAs from retro-
transposons and other cellular transcripts, and this small RNA
pathway is essential for retrotransposon control and DNA meth-
ylation in the germline (Aravin et al., 2007, 2008; Carmell et al.,
2007; Kuramochi-Miyagawa et al., 2008). Recently, we showed
that TDRD1, a tudor-domain-containing protein, associates
with MILI and participates in the piwi pathway to suppress retro-
transposons (Reuter et al., 2009; Wang et al., 2009). However,
little is yet understood about other molecules and mechanisms
that operate in this intriguing small RNA system and retrotrans-
poson silencing, whose aberrations can have profound biolog-776 Developmental Cell 17, 775–787, December 15, 2009 ª2009 Elsical implications, such as germline mutations in the long term
or sterility of individuals in the short term.
In the present study, we show that Tdrd9 is essential for male
meiosis and retrotransposon silencing in mice. Our results iden-
tify TDRD9 as a functional partner of MIWI2 in the piwi pathway
(Aravin et al., 2008; Carmell et al., 2007), andwe propose that the
tudor-piwi interaction is a key conserved feature in the germline
that regulates retrotransposons at the RNA and epigenetic levels
to safeguard the genetic information.
RESULTS
TDRD9 Is Expressed in Male and Female Germ Cells
Tdrd9 encodes a DExH-box helicase/ATPase and a tudor
domain (Figure 1A; see Figure S1A available online). Orthologs
are found in mice, humans, other vertebrates, and severalevier Inc.
Developmental Cell
TDRD9 Regulates Retroposon in the Piwi Pathwayinvertebrates including Drosophila (Homologene and Conserved
Domain Search, NCBI) (Figure S1B). In Drosophila, Tdrd9 has
been named spindle-E/homeless and was originally identified
as a spindle-class gene essential for embryonic axis formation
(Gillespie and Berg, 1995) and was later shown to suppress
transposons (Aravin et al., 2001; Stapleton et al., 2001; Vagin
et al., 2006). However, neither its evolutionary function nor
importancewas known. TDRD9 sequences are highly conserved
around the consensus motif of the DExH-box domain
(Figure 1B), and 3D homology modeling by FAMS (Yamaguchi
et al., 2003) reliably predicted a helicase/ATPase and a tudor
domain folding (p < e22; data not shown). Available expressed
sequence tag (EST) data showed that Tdrd9 transcripts were
predominantly expressed in reproductive organs in divergent
species (Figure S1C), which is consistent with our experimental
data in mice (Figures 1C and 1D). The TDRD9 protein was
approximately 150 kDa by western blot analysis (the predicted
molecular mass is 156 kDa) (Figure 1E). By immunohistology,
TDRD9 was detected in mitotic spermatogonia, meiotic sper-
matocytes (predominantly at the pachytene stage), haploid sper-
matids in the testis (Figures 1F and 1G), and in growing oocytes
in the ovary (Figures 1J and 1K). TDRD9 was both cytoplasmic
and nuclear, and the protein was localized to chromatoid bodies
(identified by the mouse vasa homolog MVH/DDX4), a form of
germ granules/nuage, in spermatids (Figure 1H), which is similar
to several other TDRD proteins, TDRD1, 6, and 7 (Chuma et al.,
2006, 2009; Hosokawa et al., 2007). In spermatocytes, TDRD9
was enriched in processing bodies (Figure 1I) (Parker and Sheth,
2007), whose presumed function is RNA degradation/transla-
tional control, possibly involving the miRNA pathway (Liu et al.,
2005). In oocytes, TDRD9 was again observed in both the cyto-
plasm and nucleus, but did not exhibit specific localization to
particular cytoplasmic domains (Figure 1K).
TDRD9 Forms a Distinct Subcellular Compartment
with MIWI2 under the Control of Mili in Fetal
Prospermatogonia
TDRD9 is also expressed in fetal germ cells. The protein was
detectable at around embryonic day 13.5 (E13.5) and afterward
in the male and around E15.5 in the female (Figures 2A–2D). In
the male, TDRD9 was present in both the cytoplasm and nuclei
of prospermatogonia, and showed a distinct granular localiza-
tion in the cytoplasm, which precisely colocalized with those of
MIWI2 (Figure 2E, E17.5). Such TDRD9-MIWI2 granules were
enriched with DDX6 (Cougot et al., 2004) and the GWB (GW
body) antigens (Yang et al., 2004) (Figure 2F, and data not
shown), markers of processing bodies (Parker and Sheth, 2007).
However, DDX6- and GWB-positive granules were greater in
number than those of TDRD9 and MIWI2, suggesting that there
might be functional divergence or specialization of processing
bodies in prospermatogonia.
MILI and TDRD1 also formed cytoplasmic aggregates (Figures
2G and 2H), which, however, were more numerous and smaller,
as previously reported (Aravin et al., 2008; Reuter et al.,
2009; Vagin et al., 2009). These MILI-TDRD1 particles are the
intermitochondrial cement, a form of germ granules/nuage
(Chuma et al., 2009), as evidenced by immunoelectron micros-
copy (data not shown). TDRD9-MIWI2 granules occasionally,
but not always, adjoined or overlapped with MILI-TDRD1 gran-Developmeules, suggesting that these two compartments containing
distinct piwi-tudor complexes cooperate in close proximity in
fetal prospermatogonia. The association between TDRD9 and
MIWI2 was recapitulated by ectopic expression in 293T cells
(Figure 2I), suggesting that TDRD9 and MIWI2 interact in the
absence of germ-cell-specific factors. Meanwhile, TDRD9
immunoprecipitates from fetal testes barely exhibited piRNAs
as compared to those of MIWI2 and MILI (Figure 2J, left, and
Figure 5J). A similar result was also seen for postnatal testes
(Figure 2J, right). Thus, TDRD9 is not likely to bind directly or
stably to piRNAs, unlike the piwi proteins which have the PAZ
and PIWI domains for small RNA association (Aravin et al.,
2006; Girard et al., 2006; Grivna et al., 2006).
We then examined whether Miwi2, Mili, and Tdrd1 functions
have any impact on TDRD9 localization. In Miwi2/ mutants
(Carmell et al., 2007; Kuramochi-Miyagawa et al., 2008),
TDRD9 expression and localization were not affected, similarly
to MILI (Figures 2K–2N) and TDRD1 (data not shown). By
contrast, inMili/mutants (Aravin et al., 2007; Kuramochi-Miya-
gawa et al., 2004), TDRD9 was diffuse in the cytoplasm and
granular localization was lost (Figures 2Q and 2R), whereas
nuclear signals appeared to be retained. MIWI2 granules were
also abolished in Mili/ mutants (Figures 2O and 2P), and the
protein was relocalized from the nucleus to the cytoplasm as
reported (Aravin et al., 2008). Likewise, in Tdrd1tm1/tm1 mutants
(Chuma et al., 2006), both TDRD9 and MIWI2 were dispersed
in the cytoplasm and granular assemblies were lost (Figures
2U–2X), whereas MILI was not affected (Figures 2S and 2T).
Taken together, TDRD9, as well as MIWI2, is under the control
of Mili and Tdrd1 in regard of the intracellular localization and
assembly. These observations implicate TDRD9 as a component
in the piwi pathway downstream of the Mili-Tdrd1 axis.
Tdrd9Mutation Causes Male Sterility with Chromosome
Synapsis Failure
We generated a targeted null mutation of Tdrd9 (Figure 3A;
Figures S2A–S2G). Tdrd9/ mice were viable, with no overt
defects in appearance, but were male-specific sterile. Tdrd9/
testes were small (Figure S2C) and lacked haploid spermatids
(Figures 3B–3E), and apoptosis was increased in Tdrd9/ sper-
matocytes (Figures 3F and 3G). In Tdrd9/ spermatocytes,
meiotic axial elements stained by SYCP3/SCP3 (Dobson et al.,
1994) were assembled, but the subsequent formation of central
elements by SYCP1 was fragmentary and impaired (Figures 3H
and 3I). A DNA recombination protein, RAD51 (Shinohara et al.,
1993), exhibited early fine foci in the nuclei ofTdrd9/ spermato-
cytes (Figures 3J and 3K), but its later assembly onto synapsed
chromosomes was not observed. No discernible differences in
global histone modifications of H3K4-3me, K9-2me, and K27-
3me, examined by immunohistology, were detected between
the mutant and wild-type (data not shown). However, g-H2AX,
a marker of DNA double-strand breaks (DSBs), was highly
elevated in Tdrd9/ spermatocytes (Figures 3L and 3M), which
was consistent and concurrent with the cellular defect at this
meiotic stage. Taken together, Tdrd9/ spermatocytes initiate
the early DNA recombination pathway and form leptotene struc-
tures, but the synapses of homologous chromosomes fail, and
spermatogenesis is blocked at the zygotene stage (Figure 3N).
This spermatocyte defect was consistent with the lack ofntal Cell 17, 775–787, December 15, 2009 ª2009 Elsevier Inc. 777
Figure 2. TDRD9 Forms a Distinct Compartment with MIWI2 under the Control of Mili-Tdrd1 in Fetal Prospermatogonia
(A and B) Immunostaining of fetal testis (A) and ovary (B) sections at E15.5 for TDRD9 (red) counterstained with a Hoechst dye (blue).
(C and D) Double-immunostaining of fetal testis (C) and ovary (D) sections for TDRD9 (red) and a germ cell marker TRA98/104 (green). TDRD9 is expressed in fetal
germ cells (arrows).
(E–H) Double-immunostaining for TDRD9 (E–H) and MIWI2 (E), DDX6 (F), MILI (G), and TDRD1 (H) in fetal prospermatogonia at E17.5. TDRD9 is both cytoplasmic
and nuclear, and it forms a few discrete cytoplasmic granules, which are precisely colocalizedwith those ofMIWI2 ([E], arrowheads). The TDRD9 granules are also
enriched with DDX6 ([F], arrowheads), a marker of processing bodies. MILI (G) and TDRD1 (H) are mostly cytoplasmic, and they form more numerous and fine
granules, which correspond to the intermitochondrial cement (data not shown). Some of the MILI-TDRD1 granules overlap or adjoin the TDRD9 aggregates.
(I) HEK293T cells were cotransfected with 63His-TDRD9 and HA-MIWI2 expression plasmids, then used for reciprocal coimmunoprecipitation followed by
western blot analysis with anti-TDRD9 and anti-HA antibodies. Input lanes represent 1%.
(J) piRNAs were immunoprecipitated from wild-type testes (left, E17.5; right, adult) with anti-TDRD9 and anti-MILI antibodies, end-labeled with 32P, and sepa-
rated by denaturing PAGE. piRNAs are marked with an asterisk.
(K–N) Immunostaining of Miwi2/ and Miwi2+/ fetal testes (E16.5) for MILI (K and L) and TDRD9 (M and N).
(O–R) Immunostaining of Mili/ and Mili+/ fetal testes (E16.5) for MIWI2 (O and P) and TDRD9 (Q and R).
(S–X) Immunostaining of Tdrd1/ and Tdrd1+/ fetal testes (E17.5) for MILI (S and T), MIWI2 (U and V), and TDRD9 (W and X). InMili/ and Tdrd1/mutants,
MIWI2 was relocalized from the nucleus to the cytoplasm as reported (Aravin et al., 2008), and MIWI2-TDRD9 cytoplasmic granules were lost. In (A)–(H) and
(K)–(X), nuclei were counterstained with a Hoechst dye (blue). Scale bars: (A and B), 100 mm; (C and D), 50 mm; (E–H and K–X), 10 mm.
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TDRD9 Regulates Retroposon in the Piwi Pathwayexpression of the pachytene spermatocyte marker Sycp1 and
haploid spermatid marker Acr (Figure S2H). On electron micro-
graphs, Tdrd9/ spermatocytes showed degeneration (Figures
3O–3R), such as intracellular disorganization and vacuolation,
and frequently contained cytoplasmic aggregates (Figure 3P).
Such cytoplasmic inclusions have also been observed in
Dnmt3L/ and Mael/ mutants (Webster et al., 2005; Soper
et al., 2008) and were shown to contain Line-1 ORF1 protein
(ORF1p), which is highly upregulated in these mutants as well778 Developmental Cell 17, 775–787, December 15, 2009 ª2009 Elsas that of Tdrd9 (see below). Spermatogonia looked unaffected,
and intermitochondrial cement, a form of germinal granules/
nuage, which is defective in Tdrd1tm1/tm1 mutants (Chuma
et al., 2006), was observed in Tdrd9/ mutants (Figure 3Q).
Tdrd9 Suppresses Line-1 Retrotransposon in Fetal
Prospermatogonia and Postnatal Spermatocytes
A preliminary microarray analysis between Tdrd9/ and wild-
type testes at postnatal day 12 (P12), just before the meioticevier Inc.
Figure 3. Tdrd9 Mutation Causes Male
Sterility with Meiotic Spermatocyte Defect
(A) A gene-targeting construct for Tdrd9. Exons
are shown as filled boxes, and loxP and FRT sites
as black and gray arrowheads. The resultant allele
lacks most of the helicase/ATPase domain and is
a null (see text). B, BamHI; H, Hind III.
(B and C) Hematoxylin and eosin (HE) stained
sections of Tdrd9+/ (B) and Tdrd9/ (C) testes.
Arrowheads (C) indicate degenerating Tdrd9/
spermatocytes with condensed nuclei.
(D and E) HE-stained sections of epidydimides. In
(E), sperm were absent.
(F and G) TUNEL staining (red) of apoptotic cells
(open arrowheads) in Tdrd9+/ (F) and Tdrd9/
(G) testis sections.
(H and I) Immunostaining of Tdrd9+/ (H) and
Tdrd9/ (I) spermatocytes for SYCP3 (red) and
SYCP1 (green) counterstained with a Hoechst
dye (blue). An arrowhead (I) indicates the failure
of SYCP1 assembly.
(J and K) Surface spreads of meiotic nuclei of
Tdrd9+/ (J) and Tdrd9/ (K) spermatocytes
immunostained for SYCP3 (red) and RAD51
(green).
(L and M) Surface spreads of meiotic nuclei of
Tdrd9+/ (L) and Tdrd9/ (M) spermatocytes
immunostained for SYCP3 (green) and g-H2AX
(red).
(N) Distribution of Tdrd9+/ (open bars, n = 521)
and Tdrd9/ (black bars, n = 603) spermatocytes
among the substages of meiosis I. PL-L, prelepto-
tene to leptotene; Z, zygotene; P, pachytene;
D, diplotene; MI/II, metaphase.
(O–Q) Transmission electron microscopy of
Tdrd9/ male germ cells. Tdrd9/ spermato-
cytes undergo degeneration during the zygotene
stage ([O], arrow) and frequently show aberrant
cytoplasmicaggregates ([P], arrowhead).Tdrd9/
spermatogonia (Q) look unaffected in morphology
and contain intermitochondrial cement (open
arrowheads).
(R) Control Tdrd9+/ spermatogonium (SG) and
spermatocyte (SC). Scale bars: (B–G), 50 mm;
(H–M), 10 mm; (O and R), 2 mm; (P and Q), 500 nm.
Developmental Cell
TDRD9 Regulates Retroposon in the Piwi Pathwaydefect became apparent, did not identify biologically relevant,
significant differences in nonrepetitive gene expressions (data
not shown). However, when repetitive elements were individually
examined, Line-1 transcripts were clearly increased in Tdrd9/
testes at P12 as well as at P25, when the cellular defect was
obvious (Figures 4A and 4B). IAP, a class of LTR-type autono-
mous retrotransposons, appeared to be not significantly
affected or only modestly increased in Tdrd9/ mutants. Sine
B1, a short nonautonomous type of retrotransposon, was appar-
ently upregulated at P25, but not at P12, implying that the eleva-
tion is a secondary outcome of an aberrant cell population. We
also found no significant differences in the expression of other
repetitive sequences, including major and minor satellites and
DNA transposons (data not shown). Therefore, the silencing
profile of transposons by Tdrd9 was rather preferential for
Line-1 as compared to several other retrotransposon repressors,
Dnmt3L (Bourc’his and Bestor, 2004), Mili, and Miwi2 (Aravin
et al., 2007; Carmell et al., 2007; Kuramochi-Miyagawa et al.,
2008) (Figures 4B and 4C).DevelopmeBy RNA in situ hybridization, Line-1 transcripts were most
abundantly elevated in meiotic spermatocytes (Figures 4D and
4E), when cellular defects were evident in Tdrd9/ mutants.
These Line-1 transcripts accumulated at cytoplasmic aggre-
gates (Figure 4E, inset), which were likely to correspond to the
cytoplasmic inclusions observed by electron microscopy
(Figure 3P). To examine if the upregulated Line-1 transcripts
were translationally functional, we immunostained for the
ORF1 protein ORF1p, one of the two open reading frames
encoded by full-length Line-1 (Kazazian, 2004). OFR1p was
abundantly observed in spermatocytes of Tdrd9/ mutants,
while the protein was only weakly detected in the controls
(Figures 4F and 4G). Of note, ORF1p in Tdrd9/ spermatocytes
was highly accumulated in the nuclei as well as in the cytoplasm,
whereas the protein was only cytoplasmic in the controls
(Figures 4F and 4G, insets). In such Tdrd9/ spermatocytes
wherein Line-1 ORF1p was markedly elevated, g-H2AX was
aberrantly increased throughout the nuclei (Figures 4H and 4I;
also shown in Figures 3L and 3M), indicating that genomental Cell 17, 775–787, December 15, 2009 ª2009 Elsevier Inc. 779
Figure 4. Line-1 Deregulation in Fetal Prospermatogonia and Postnatal Spermatocytes by Tdrd9/ Mutation
(A) Northern blots of total testis RNA from indicated Tdrd9 genotypes at P12 and P25 for Line-1,Sine B1, and IAP. The smear of the Line-1 signals likely reflects the
50-truncation of Line-1 elements in the genome to various degrees. b-actin is shown as a control.
(B and C) Quantitative RT-PCR of Tdrd9/,Mili/,Miwi2/, and Dnmt3L/ mutant testes (4 weeks) for the expression of retrotransposons (Line-1, Sine B1,
and IAP), DNA transposons (mariner and charlie) in (B), and germline markers (Oct3/4 and Ngn3 for spermatogonia, Sycp1 and 3 for spermatocytes) in (C). Data
were normalized to b-actin, and fold changes in the expression in each mutant compared to its control are shown as means and standard deviations from trip-
licate PCR reactions.
(D and E) In situ RNA hybridization for Line-1 (green) of Tdrd9+/ (D) and Tdrd9/ (E) testis sections at P12, counterstained with a Hoechst dye (blue). Line-1
signals are seen in the cytoplasm of Tdrd9/ spermatocytes ([E], arrowheads).
(F and G) Immunostaining for Line-1 ORF1p of Tdrd9+/ (F) and Tdrd9/ (G) adult testis sections, counterstained with a Hoechst dye (blue). Inset, higher magni-
fication views. ORF1p was weakly detected in the cytoplasm of control Tdrd9+/ spermatocytes ([F], arrows), while the protein was quite abundant both in the
nuclei and cytoplasm of Tdrd9/ spermatocytes ([G], arrowhead).
(H and I) Double-immunostaining of Tdrd9+/ (H) and Tdrd9/ (I) adult testis sections for Line-1 ORF1p (green) and gH2AX (red), a marker of genome DSBs,
with Hoechst counterstaining (blue). In control spermatocytes (H), ORF1pwas only weakly detected in the cytoplasm (the imagewas takenwith a longer exposure
compared to [I]), and gH2AX signals, which were initially distributed throughout the nuclei at early stages of meiosis, remained mainly at sex (XY) bodies ([H],
arrow) at this stage. In Tdrd9/ spermatocytes (I), ORF1p was massively accumulated in both the cytoplasm and nuclei, and gH2AX signals were very intense
throughout the nuclei.
(J) Quantitative RT-PCR analysis for Line-1, IAP, and Sine B1 expression in Tdrd9/ and control Tdrd9+/ testes at E18.5 (fetal), P12, and P25 (postnatal). Data
were normalized to b-actin, and fold-changes in the expression in Tdrd9/ mutants relative to Tdrd9+/ controls are shown as means and standard deviations
from triplicate PCR reactions.
(K) Quantitative RT-PCR analysis of Tdrd9/ and control Tdrd9+/ fetal testes at E18.5 as in (J) for the expression of retrotransposons (Line-1, Sine B1, and IAP),
DNA transposons (mariner and charlie), retrotransposon repressors (Mili, Miwi2, Tdrd1, Dnmt3l, and Dnmt3a) and a germline marker (Oct3/4).
(L andM) Double-immunostaining of Tdrd9+/ (L) and Tdrd9/ (M) fetal testes at E18.5 for Line-1ORF1p (green) and a germ cell marker TRA98/104 (red) counter-
stained with a Hoechst dye (blue). In Tdrd9/ mutants, almost all prospermatogonia express high levels of cytoplasmic ORF1p (M), as compared to very weak
staining in control Tdrd9+/ prospermatogonia (L). Scale bars: (D and E), 50 mm; (H, I, L, and M), 10 mm.
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TDRD9 Regulates Retroposon in the Piwi Pathwayintegrity was severely disturbed in these cells. Relatedly, similar
Line-1 ORF1p increase and g-H2AX accumulation in spermato-
cytes were also observed in the mutant of MVH (Figures S3A–
S3F) (Tanaka et al., 2000), another germline helicase that forms
an RNP complex with TDRD9 (data not shown), and have been
reported for Miwi2/ and Mael/ mutants as well as Mael/
Spo11/ double mutants (Carmell et al., 2007; Soper et al.,
2008). These observations suggest that there may be a correla-
tion between excess retrotransposon activation and the nuclear
integrity of meiotic spermatocytes, while a possible underlying
mechanism that may link these molecular and cellular pheno-
types remains to be established.780 Developmental Cell 17, 775–787, December 15, 2009 ª2009 ElsLine-1 expression was also upregulated in Tdrd9/ fetal
testes (2-fold) (Figures 4J and 4K), although the extent of the
mRNA increase was smaller compared to postnatal testes.
However, immunostaining for Line-1 ORF1p showed a more
clear difference between Tdrd9/ mutants and the controls
(Figures 4L and 4M). In Tdrd9/ fetal testes, ORF1p was highly
accumulated in prospermatogonia (Figure 4M), whereas the
protein was only weakly detected in the controls (Figure 4L).
However, unlike postnatal spermatocytes (Figures 4F and 4G),
ORF1p in Tdrd9/ prospermatogonia was mostly cytoplasmic,
and cellular defects were not evident. In the female, on the other
hand, Line-1 ORF1p was detected at similar levels in bothevier Inc.
Figure 5. piRNA Biogenesis and Sequence
Profile in Tdrd9/ Mutants
(A) piRNA amount in Tdrd9/ and control testes at
P12 and P25. Total RNAs isolated from whole
testes were end-labeled with 32P and separated
by denaturing PAGE. The asterisk indicates
piRNAs.
(B) Northern blots of total testis RNAs isolated as in
(A) and probed for specific retrotransposon
derived piRNAs (piR-1831, 4868, 4519), a nonre-
trotransposon piRNA (piR-1), and a microRNA
(miR-16).
(C) Quantitative RT-PCR of Tdrd9/ and control
Tdrd9+/ testes at P12 and P25 for the expression
of specific piRNA sequences (Line-1 ORF2+, IAP
LTR, and Sine B1) and miRNA (miR-16). Data
were normalized to U6 snRNA and shown as
means and standard deviations from triplicate
PCR reactions. Asterisks indicate that specific
amplification was not detected.
(D–I) MILI-associated small RNA libraries were
prepared from Tdrd9+/ and Tdrd9/ testes at
P14 and deep sequenced by Solexa. (D) The size
distribution of the piRNAs from each library. (E)
The first nucleotides of the piRNAs, showing
a strong U bias. (F and G) Genomic annotation
(F) and transposon classes (G) in the piRNA
libraries. Note the expansion of repeat class
piRNAs in the Tdrd9/ library (F), which is mainly
derived from Line-1 elements (G). (H) The strand
orientation of piRNAs derived from LINE and LTR
class retrotransposons, shown as fold enrichment
(Tdrd9/ over Tdrd9+/) of sense (red) and anti-
sense (blue) sequences. The reads from each
library were mapped to transposon consensus
sequences allowing three mismatches and
normalized to the total read number. (I) The distri-
bution of piRNAs on full-length Line-1 consensus
sequences, L1_MM/L1Md-A13 and L1B_MM
(Repbase, GIRI). Numbers of piRNAs per 100
reads are shown for sense (red) and antisense
(blue) sequences. Note the vertical scales are
different for each plot.
(J) piRNAs (asterisk) immunoprecipitated using
anti-MILI and anti-MIWI2 antibodies from Tdrd9+/
and Tdrd9/ fetal testes at E17.5.
(K) Quantitative RT-PCR of Tdrd9+/ and Tdrd9/ fetal testes (E18.5) for the expression of specific piRNA sequences. Line-1 and IAP-derived sense (+) and
antisense () piRNAs were measured. Data were normalized to U6 snRNA, and are shown as means and standard deviations from triplicate PCR reactions.
Four pairs of Tdrd9/ and control Tdrd9+/ embryos (#1–#4) were examined. Asterisks indicate that specific amplification was undetectable.
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At this stage of development, fetal oocytes are arrested at the
prophase of meiosis I, and there were no discernible differences
in meiotic progression and cellular defects between Tdrd9/
mutant and control Tdrd9+/ oocytes (Figures S4C and S4D),
consistent with the female fertility of this mutation.
Tdrd9 Mutation Affects the piRNA Profile
Recent studies have demonstrated that piRNAs are processed
from retrotransposon and other cellular transcripts, and their
adaptive biogenesis is central to retrotransposon suppression
in the germline (Aravin et al., 2007, 2008; Carmell et al., 2007;
Kuramochi-Miyagawa et al., 2008). In Tdrd9/mutants, the total
amount of piRNAs in postnatal testes was quite low compared to
thecontrols (Figure5A),which likely reflects the lackofpachyteneDevelopmespermatocytes and later germcells, whenpiRNAsbecomehighly
abundant. In accord with this, piR-1, a pachytene piRNA which
wasmassively increased between P12 and P25 in control testes,
was undetectable in Tdrd9/ mutants at either developmental
stage by northern blot analysis (Figure 5B). However, when
repeat-associated piRNAs were individually examined, Line-1-
derived piR-1831 was highly elevated in Tdrd9/ testes (Fig-
ure 5B), which contrasts with the substantial loss of total piRNAs
and piR-1. IAP-derived piR-4868 and Sine B1-derived piR-4519
showed significant reductions, unlike Line-1-derived piR-1831.
The expression of microRNA miR-16 was not affected, and
similar results were reproduced by quantitative RT-PCR (qRT-
PCR) experiments (Figure 5C).
To obtain a more extensive view of the piRNA profile, we
carried out deep sequence analysis of small RNAs preparedntal Cell 17, 775–787, December 15, 2009 ª2009 Elsevier Inc. 781
Figure 6. Loss of Tdrd9 Leads to DNA Demethylation in Spermatogonia
(A) Genomic DNA from Tdrd9/ and control Tdrd9+/ fetal testes at E18.5 were analyzed by COBRA (combined bisulfite restriction analysis) for the 50-UTR
regions of full-length Line-1 elements on chromosome 1 (upper; NT_078297.6) and 15 (lower; NT_039621.7).
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TDRD9 Regulates Retroposon in the Piwi Pathwayfrom Tdrd9/ and control Tdrd9+/ testes at P14. Small RNA
libraries were prepared from immunoprecipitates of MILI, the
main piwi protein expressed at this stage. A total of 4.4–9.6
million reads per library were matched perfectly to the mouse
genome and used for the analysis. The size distribution of
piRNAs from both the Tdrd9/ and control Tdrd9+/ libraries
peaked at 26–28 nt (Figure 5D), and the first 50 position was
strongly biased toward uracil (Figure 5E), as previously reported
for wild-type piRNAs (Aravin et al., 2006; Girard et al., 2006;
Grivna et al., 2006; Watanabe et al., 2006). Genome annotation
showed that the overall fraction of repeat-derived piRNAs was
expanded in the Tdrd9/ library (Figure 5F). Among the
repeat-class piRNAs, Line-1-derived sequences were substan-
tially increased in the mutant library (Figure 5G). Of note, Line-
1-derived piRNAs in the Tdrd9/ library were highly enriched
in the sense orientation as compared to the control Tdrd9+/
library (5.8-fold), whereas Line-1-derived antisense piRNAs
were moderately decreased (0.8-fold) (Figure 5H). The distribu-
tion of piRNAs mapped along Line-1 consensus sequences
was similar between the Tdrd9/ and Tdrd9+/ libraries
(Figure 5I), while the relative abundance of sense sequences
was again increased in the mutant, with the overall mapping
patterns being unchanged. Taken together, the results indicate
that piRNA biogenesis per se operates in Tdrd9/ mutants,
while the sequence profile was substantially impacted, with the
fraction of Line-1 piRNAs highly increased in the sense orienta-
tion. Given the proposed feed-forward amplification or ping-
pong biogenesis of piRNAs (Aravin et al., 2007, 2008), the
observed shift in the piRNA profile by the Tdrd9/ mutation is
most simply and likely to be an outcome of the increased
Line-1 transcripts, which enter into the piRNA production
pathway and are processed to primary sense piRNAs. Such
a dynamic change in the piRNA profile illustrates the adaptive
nature of this small RNA system, which should be an effective
means for responding to developmentally programmed and
facultative variations in retrotransposon and perhaps other
cellular transcriptomes.
In fetal testes, total piRNAs and those loaded onto MILI and
MIWI2 were detected in both Tdrd9/mutants and the controls
(Figure 5J) in accord with the notion that the piRNA pathway
basically operates in the mutant. However, when individual
piRNAs were measured, there were piRNA sequences whose
levels were affected by the Tdrd9/ mutation (Figure 5K).
Line-1-derived piRNAs examined were reduced or undetectable
in the antisense orientation in Tdrd9/ fetal testes, while Line-1-(B) Methylation-sensitive Southern blots of genomic DNA from Tdrd9/ and contr
with methylation-sensitive HpaII, or its methylation-insensitive isoschizomer, Ms
Line-1.
(C) Methylation-sensitive Southern blots of genomic DNA from Tdrd9/ and con
ylation sensitive.
(D) Genomic DNA of FACS-sorted germ cells from P25 testes was subjected to bi
repeats (major andminor satellites), and parent-of-origin specific imprinted genes
CpG sites are shown with black circles and unmethylated sites with open circles
(E) Bisulfate sequencing of genomic DNA of FACS-sorted neonatal spermatogon
(F) Chromatin immunoprecipitation with anti-RNA polymerase II antibody from
genomic DNA was subjected to PCR for Line-1 50-UTR. Relative band intensities
(G) A model for piwi-tudor complexes. TDRD9 and TDRD1 associate with MIWI
correspond to processing bodies and intermitochondrial cement, in fetal prosp
and retrotransposon silencing in the germline.
Developmederived sense piRNAs were unchanged or in some cases
increased. IAP-derived sense piRNAs examined were also
increased in several mutant testes, while variations among indi-
viduals were seen. The decrease in Line-1-derived piRNAs in the
antisense orientation was not supposed to be a direct conse-
quence of the increased Line-1 mRNAs, whose primary piRNA
products are in the sense orientation. Instead, the Tdrd9/
mutation possibly affects the production of secondary piRNAs
in fetal prospermatogonia, conceivably through the association
with MIWI2, which preferentially loads antisense secondary
piRNAs in the feed-forward/ping-pong amplification cycle
(Aravin et al., 2008).
In Tdrd9/ prospermatogonia, MIWI2 showed normal
expression and subcellular distribution as examined by immuno-
histology (Figures S5A and S5B). In accord with this, processing
bodies, identified by DDX6 and the GWB antigens, were similarly
observed in Tdrd9/ and control Tdrd9+/ prospermatogonia
(Figures S5G–S5J). MILI and TDRD1 localizations were also
not affected in Tdrd9/ mutants (Figures S5C–S5F). Thus, the
loss of Tdrd9 function does not directly interfere with the expres-
sion and assembly of these piwi pathway components and
related factors, similarly to the Miwi2 mutation (Figures 2K–2N)
(Aravin et al., 2008; Vagin et al., 2009). This contrasts with Mili
and Tdrd1 mutants, in which TDRD9 and MIWI2 localizations
were clearly disrupted (Figures 2O–2X) (Aravin et al., 2008;
Reuter et al., 2009; Vagin et al., 2009). These observations are
consistent with and corroborate the proposed primary and
central role of the MILI complex in piRNA biogenesis, with the
MIWI2 pathway being complementary while essential in the
feed-forward production of secondary piRNAs (Aravin et al.,
2008).
DNA Demethylation of Line-1 in Spermatogonial Stem
Cells by Tdrd9 Mutation
De novo DNA methylation in the male germline is established in
fetal prospermatogonia (Aravin et al., 2008; Kato et al., 2007;
Kuramochi-Miyagawa et al., 2008), and loss of either Mili or
Miwi2 impairs this epigenetic mark at retrotransposon loci
(Aravin et al., 2007, 2008; Carmell et al., 2007; Kuramochi-
Miyagawa et al., 2008), presumably through their impacts on
piRNA profiles, although a precise underlying mechanism is
not yet understood. In Tdrd9/ mutants, DNA methylation
at Line-1 loci was not different compared to the controls in
fetal testes (Figure 6A, E18.5), when methylation is still being
established or to be completed in prospermatogonia (Katool postnatal testes at P12 and P25 with a probe for Line-1. DNAs were digested
p I. The bands with an asterisk in the HpaII blot indicate hypomethylation of
trol postnatal testes (P25) with probes as indicated at the top. Mae II is meth-
sulfate sequencing of retrotransposons (Line-1, IAP, Sine B1), peri-centromeric
(Rasgrf1,Dlk1/Gtl2,H19, Peg3). Tdrd9 genotypes are as indicated. Methylated
. The percentages of overall methylated CpGs are indicated.
ia from Tdrd9/ and control Tdrd9+/+ testes at P3–P4.
FACS-sorted germ cells of Tdrd9/ and control Tdrd9+/ testes. Extracted
are given below.
2 and MILI, respectively, and form discrete subcellular compartments, which
ermatogonia. These piwi and tudor proteins function in the piRNA pathway
ntal Cell 17, 775–787, December 15, 2009 ª2009 Elsevier Inc. 783
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postnatal Tdrd9/ testes clearly showed demethylation of
Line-1 at P12 and P25, before and after the meiotic defect
commences (Figure 6B). This Line-1 demethylation was not
due to global changes in genome DNA methylation (5-methyl-
cytosine, Figures S6A–S6D) or downregulation of DNA methyl
transferases DNMT1, 3A, and 3B (Figures S6E–S6N). In accor-
dance with this, DNA methylation of other repeat sequences,
including IAP, Sine B1 and major and minor satellites, was not
significantly affected in Tdrd9/ mutants, when examined by
methylation-sensitive Southern blot analysis (Figure 6C, and
data not shown).
To determine if Line-1 DNA demethylation by the Tdrd9/
mutation indeed occurs in the germline, we purified germ cells
from P25 testes by FACS using anti-germ cell-specific nuclear
antigen (GENA) antibody (TRA98/104) (Tanaka et al., 1997) and
carried out bisulfite sequencing (Figure 6D). In Tdrd9/ germ
cells, a Line-1 promoter region was highly demethylated
compared to controls (1.4% compared to 92.2%). Other repeat
sequences examined, including Sine B1 and major and minor
satellites, were not significantly altered, although there might
be a slight decrease in DNA methylation of IAP (Figures 6D
and 6E). We also examined several parent-of-origin-specific
imprinted genes (H19, Dlk/Gtl2, Rasgrf1, Peg3) (Morison et al.,
2001) and found that paternally methylated Rasgrf1 was
substantially demethylated in Tdrd9/ germ cells. At present,
we do not have a clear rationale for this Rasgrf1 demethylation,
but one possible explanation would be that Line-1 (or other
repeat sequences, etc.) flanking this locus could affect the
methylation status in cis.
We then examined neonatal spermatogonia at P3–P4, just
after the establishment of de novo DNA methylation at retro-
transposon loci in the wild-type (Figure 6E). By the Tdrd9/
mutation, the Line-1 promoter region again showed extensive
demethylation, as did Rasgrf1, demonstrating that loss of
Tdrd9 function impairs DNA methylation in spermatogonial
stem cells, whose epigenetic states are then transmitted through
spermatogenic expansion and differentiation. Consistent with
this, a chromatin immunoprecipitation assay showed that the
association of RNA polymerase II was elevated at the Line-1
promoter region in Tdrd9/ germ cells (Figure 6F). These results
indicated that the loss of Tdrd9 function affects the epigenetic
states of the germline genome and could impose potential and
long-term transcriptional desilencing of Line-1 (and possibly
other affected loci) in spermatogonial stem cells and subsequent
spermatogenesis.
DISCUSSION
In this study, we identified Tdrd9 as an essential and conserved
molecule that acts against retrotransposons in the germline.
During male germ cell development, Tdrd9 participates in
ensuring a proper piRNA profile and in establishing DNAmethyl-
ation of Line-1. The TDRD9 protein forms a discrete subcellular
compartment with MIWI2 under the control of Mili in fetal pros-
permatogonia, and Tdrd9/ mutants are phenotypically similar
to those of Miwi2 (Carmell et al., 2007; Kuramochi-Miyagawa
et al., 2008) with regard to Line-1 deregulation, cognate DNA
demethylation and later spermatocyte defects. The present784 Developmental Cell 17, 775–787, December 15, 2009 ª2009 Elswork genetically and molecularly posits TDRD9 as a functional
component of the piwi pathway.
MILI is central to the primary processing of sense piRNAs from
retrotransposons and other cellular transcripts (Aravin et al.,
2007, 2008; Kuramochi-Miyagawa et al., 2008). Then, the
primary piRNAs guide the production of secondary piRNAs,
which are loaded onto MIWI2, from mostly antisense RNAs
transcribed from retrotransposons and other genome elements
(Aravin et al., 2008). The loss of Mili leads to a gross reduction
in total piRNAs and those loaded onto MIWI2, while Miwi2/
mutation affects a more limited number of piRNAs (Aravin
et al., 2007, 2008; Kuramochi-Miyagawa et al., 2008). In
Tdrd9/mutants, Line-1-derived piRNA sequences were signif-
icantly reduced or undetectable in the antisense orientation in
fetal prospermatogonia, suggesting that TDRD9 participates in
proper biogenesis of secondary piRNAs, which are associated
with MIWI2, with a preference for Line-1. The loss of Tdrd1
also affects secondary antisense piRNAs, with an increase in
nonrepetitive piRNAs loaded ontoMILI (Reuter et al., 2009; Vagin
et al., 2009). These data suggest that a possible function of the
TDRD9 and TDRD1 proteins is to ensure proper selection and
processing of adaptive piRNA sequences in the feed-forward/
ping-pong amplification cycle. The distinct compartments of
MIWI2-TDRD9 and MILI-TDRD1 (Reuter et al., 2009; Vagin
et al., 2009; Wang et al., 2009) indicate that these two tudor-
piwi complexes represent functionally separate assemblies of
the small RNAmachineries, which cooperatively and interdepen-
dently function in piRNA biogenesis and retrotransposon
silencing (Figure 6G). Of note, both Tdrd9/ and Tdrd1/muta-
tions lead to a preferential desilencing of Line-1, although there
appeared to be a slight effect on IAP in Tdrd9/ mutants
(Figures 4B and 4J). InMili/ andMiwi2/mutants, in contrast,
the activation of IAP was much more robust and comparable
with that of Line-1 (Figure 4B) (Aravin et al., 2007; Carmell
et al., 2007). It is not clear at present if TDRD9 and TDRD1 oper-
ate in a particular mechanism(s) by which Line-1 is recognized
and silenced differently from other retrotransposon classes, or
whether generally weaker effects of these Tdrd mutations on
the piRNA production pathway result in limited responses in
retrotransposon silencing.
The loss of Tdrd9—as well as the losses of Tdrd1, Mili, Miwi2
(Carmell et al., 2007; Chuma et al., 2006; Kuramochi-Miyagawa
et al., 2004)—leads to male-specific sterility, although at least
three of them, Tdrd9, Tdrd1, and Mili, are expressed in both
male and female germ cells. Mutant females of these tudor
and piwi genes are fertile and show histologically and function-
ally normal oocyte development. There might be a possibility
that retrotransposons are also activated in the mutant females,
while oocytes are more tolerant of such retrotransposon acti-
vation and do not display cell deficiencies. Indeed, oocytes are
less susceptible to meiotic checkpoint controls than spermato-
genic cells in mice (Morelli and Cohen, 2005). However, we
observed that Line-1was expressed at similar levels in Tdrd9/
mutant and control oocytes, although male germ cells showed a
strong activation. In addition, recent studies demonstrated that
siRNAs act to suppress retrotransposons and other cellular tran-
scripts in mouse oocytes, and this silencing activity depends on
Dicer of the RNAi pathway (Tam et al., 2008; Watanabe et al.,
2008). Thus, it seems likely that different small RNA pathwaysevier Inc.
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explain the sexual dimorphisms in the tudor and piwi pheno-
types.
A presumed function of tudor proteins is to chaperone macro-
molecular assembly (MacKenzie and Gendron, 2001). For
example, SMNwith a tudor domain acts in the formation of small
nuclear ribonucleoprotein, a spliceosomal complex (Selenko
et al., 2001), and TDRD1 is essential for the assembly of intermi-
tochondrial cement (Chuma et al., 2006). Tudor domains in
general recognize dimethylation of arginine and lysine residues
(Selenko et al., 2001), and these modifications are actually found
at the N-termini of the piwi family proteins (Kirino et al., 2009;
Reuter et al., 2009; Vagin et al., 2009). We previously showed
that TDRD1 interacts with MILI depending on the arginine
dimethylation (Reuter et al., 2009; Vagin et al., 2009), and more
recently carried out a global mass spectrometry study that
suggested that each mouse piwi protein complexes with
specific TDRD proteins (Vagin et al., 2009). There may be other
TDRD members, besides TDRD9 and TDRD1, that do operate
in the piwi pathway, and this might account for the different
profiles of retrotransposon deregulation and piRNA repression
in Tdrd9/ and Tdrd1/ mutants as compared to Mili/ and
Miwi2/ mutants.
In the present study, we demonstrated that TDRD9 genetically
and physically associates with MIWI2, providing evidence that
the tudor-piwi interaction is a conserved and essential feature
that is responsible for retrotransposon control inmale germ cells.
Meanwhile, it is currently not clear how and why the analogous
TDRD9-MIWI2 and TDRD1-MILI complexes are differently
sorted out into distinct subcellular domains, i.e., processing
bodies and intermitochondrial cement, and we do not know
the underlying molecular mechanism wherein the two com-
plexes cooperate in the piRNA biogenesis, which is intimately
linked to DNA methylaton in germ cells. It would also be of
interest to determine whether the piwi-tudor association has
any functional correlation with the RISC assembly in the RNAi
pathway. Further characterization of the piwi-tudor RNPs, and
the identification of other molecules possibly associated there,
would help uncover an intriguing molecular mechanism(s) of
this small RNA pathway, which is critical in both RNA and epige-
netic control of the germline genome.
EXPERIMENTAL PROCEDURES
Characterization of Tdrd9 cDNA
GenBank depositions BC115831 and AK015351 contained a part of the open
reading frame and the 30 untranslated region of the mouse Tdrd9 cDNA.
Full-length Tdrd9 cDNA sequence was determined by 50-cap structure depen-
dent rapid amplification of cDNA ends (50-RACE) using FirstChoice RACE
Ready mouse testis cDNA (Ambion). Amplified products were subcloned
into pBlueScript KS (Stratagene), and the sequences of 27 clones were deter-
mined. The assembled sequence was submitted to GenBank/EMBL/DDBJ
under the accession number AB362563.
Production of anti-TDRD9 Antibody
A cDNA fragment of TDRD9, encoding amino acids 1064–1383, was cloned
into pQE32 (QIAGEN, Germany). The 63His-tagged TDRD9 fragment
produced in E. coli strain M15 (pREPL4) was purified under denaturing
conditions using Ni2+-NTA-agarose (QIAGEN). Rabbits were immunized with
the recombinant protein, and specific antibodies were affinity purified from
the antisera by an affinity column to which the immunizing protein had been
coupled.DevelopmeGeneration of Tdrd9 Gene-Targeted Mice
The Tdrd9 gene-targeting vector was constructed using a bacterial artificial
chromosome (BAC) recombineering system (Lee et al., 2001; Liu et al.,
2003) with BAC clone RP23-123N23 (BACPAC Resource Center). A loxP site
was inserted upstream of Tdrd9 exon 3, and a pgk-neo cassette flanked by
FRT sites and a loxP site was targeted downstream of exon 7. For negative
selection, a diphtheria toxin expression cassette was used. The targeting
vector was linearized and electroporated into V6.5 embryonic stem (ES) cells
(Eggan et al., 2001). A total of 74 G418-resistant clones were screened, and
5 clones were identified as having homologously recombined the transgene
by PCR and Southern blot analyses. Chimeric mice were produced from two
recombinant ES cell clones by aggregation with C57BL/63DBA/2 F1 hybrid
morulas or by injection into blastocysts. Male chimeras were mated with
C57BL/6 females to obtain heterozygous loxP-floxed Tdrd9 targeted mice.
The floxed mice were crossed with CMV-Cre transgenic mice (Dupe et al.,
1997) to excise loxP-flanked exons 3–7. All animal experiments were per-
formed according to the institution’s ethical guidelines.
Full methods are available in Supplemental Data.
ACCESSION NUMBERS
The assembled sequence of Tdrd9 cDNA was submitted to GenBank/EMBL/
DDBJ under the accession number AB362563.
SUPPLEMENTAL DATA
Supplemental Data include six figures, one table, and Supplemental Experi-
mental Procedures and can be found with this article online at http://www.
cell.com/developmental-cell/supplemental/S1534-5807(09)00434-1/.
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